différentes -Les bitumes sont habituellement classés selon trois propriétés physiques : ductilité, pénétration et point de ramollissement. L'étude présentée ici démontre à travers plusieurs exemples que ces traits physiques ne sont pas assez distinctifs. Il a été découvert que la composition chimique apporte davantage d'enseignements sur les différentes propriétés physiques des bitumes. On note des différences remarquables entre la composition chimique de bitumes de même point de ramollissement et de même origine. Une plus grande ductilité provient d'une plus forte teneur en résines alors qu'une pénétration moindre est la conséquence d'une plus grande teneur en asphaltènes. La corrélation de deux indices et de la composition de bitumes révèle que l'indice Gaestël (1 c ) est un meilleur paramètre de caractérisation de bitumes que l'indice d'asphaltène (1 A ). Ces deux indices peuvent être utilisés comparativement pour distinguer des bitumes ayant des points de ramollissement voisins.
INTRODUCTION 1 PETROLEUM ASPHALTS
Asphalt is of particular interest because of its many engineering and industrial applications. It is a strong cement, readily adhesive, highly waterproof and durable. It is a plastic substance that imparts controllable flexibility to mixtures of mineral aggregates with which it is usually combined and used for the construction of road networks, international highways, airfields, reservoirs, irrigation channels and as roofing materials. Pipelines and electrical cables are protected with asphalt.
Crude oils are classified as heavy, medium or light depending on the level of asphaltic materials present in a particular crude. Refining of asphaltic and mixed base crude oils produces petroleum asphalts; the process employed depends on the nature of the crude and the grades of asphalt desired. The oldest and most widely used method is the atmospheric vacuum distillation of suitable crudes that result in the production of straight-run residual asphalts. Upgrading of low-grade asphalts is usually carried out by the airblowing process to give oxidized or semi-blown products. Chemical treatment of one cut or a blend of different cuts will produce asphalts with special properties that are not imparted by the distillation process. When several processes are applied to one or more crudes, the resultant asphalt blends have properties far superior to those obtained when only one manufacturing process is used [1-9].
Characteristic Properties of Asphalts
Asphalts are characterized by a number of physical properties of which the three most widely used are ductility, penetration, ring and ball softening point. Further tests include specific gravity, molten viscosity, molecular weight, Fraas breaking point, wax content, penetration index, and loss on heating. Other important determinations are temperature susceptibility, cold fragility, viscosity before and after aging, interfacial tension, adhesion, cohesion, electrical resistance, impermeability to water and solubility in benzene.
Ductility
It is a measure of the capacity of asphalt to elongate or stretch and it is an indication of the material to flow. A briquette of the asphalt is pulled apart at a uniform rate at a specified temperature (usually 25°C), and the elongation before rupture takes place measured in centimeters (ASTM D113) [10, 11] .
Penetration
This is measured with a penetrometer by which a standard needle is applied to the sample. It is the distance in tenths of a millimeter that a needle penetrates vertically into the sample under fixed conditions of temperature, load and time (ASTM D5) [10, 11] .
Softening Point
The softening of asphalts does not take place at a definite temperature. As the temperature is raised asphalts gradually and imperceptibly change from a brittle or exceedingly thick and slow-flowing material to a softer and less viscous liquid. The softening point is defined as the temperature at which a disk of the sample held within a horizontal ring is forced downward a distance of 2.54 cm under the weight of a steel ball (ASTM D 36) [10, 11] .
Chemical Composition of Asphalts
Asphalts are complex mixtures containing many different molecular species whose nature varies according to the crude oil sources. The composition of asphalts and other heavy fractions has been the subject of several investigations over the years [2-9, . The method of production greatly influences its structure [40, 41] and the chemical composition of asphalt determines its properties and the final end uses.
The separation of asphalts into different chemical groups has been made by both physical and chemical methods [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The fractions so obtained are made up of poly-nuclear aromatics and hetero-aromatic molecules (asphaltenes), viscous naphtheno-aromatic hydrocarbons (heavy oils), heterocyclic and polar compounds (resins). The relative amount of asphaltenes, oils and resins obviously depends on two main parameters: the crude source and the manufacturing processes.
Asphaltenes
They are the most complex molecules present in asphalts and are regarded as being formed by the condensation of resins. They are black or brown colored, hard, non-plastic, nonmaleable, high molecular weight compounds ranging between 1200 and 200,000. They contain predominantly carbon and hydrogen with sulfur, oxygen, nitrogen and other heteroatoms. Asphaltenes are agglomerations of the most highly polar molecules and they are responsible for the presence of structure in asphalts. They are insoluble in low molecular weight normal paraffins and are classified by the precipitating solvent; different solvents precipitating different amount of asphaltenes. They impart strength, stiffness and colloidal structure in asphalt. They are determined by ASTM D327 as the n-heptane insolubles [10, 11] .
Heavy Oils
The remaining portion of an asphalt material after the precipitation of asphaltenes with the normal paraffins is known as maltenes. It consists of two fractions, heavy oils and resins [2-6, [12] [13] [14] [15] [16] [17] [18] . These oils are the liquid part of the asphalt and consist of normal-, iso-and cyclo-paraffins and condensed naphthenes with some alkyl aromatics. The aromatic portion is mostly naphtheno-aromatic hydrocarbons with three or four naphthenic rings per molecule. The fraction is non-polar. The oils have a key feature of dispersing polar agglomerations of asphaltenes and resins. This is especially true of the aromatic and naphthenic oils. Thus, this component is very important and it is responsible for viscosity and fluidity of the asphalt.
Resins
The resins are semiliquid and sometimes solid materials of dark red color at room temperature. They are chemically very similar to the asphaltenes; present in resins are carbon, hydrogen, oxygen, sulfur, nitrogen and many other elements including metals. The resins consist of mainly polycylic molecules containing saturated, aromatic and hetero-aromatic rings and heteroatoms in various functional groups. The resins are not as polar as the asphaltenes and their molecular weight ranges from 300 to 2000. These resins provide adhesion, ductility, malleability and plasticity.
Colloidal Stability of Asphalts
Asphalt is a colloidal system in which the most important structure forming elements are the asphaltenes, which are dispersed in the maltenes. The size of the colloidal particles has been determined using different techniques: ultrafiltration, electron microscopy, small angle X-ray scattering and others [42, 43] . The size of the asphaltenes particles ranges from 4 to 10 nm and that of asphaltenes micelles varies 15 to 30 nm. Two key parameters that control the stability of asphaltene micelles are the ratio of aromatics to saturates and that of resins to asphaltenes. When these ratios decrease, asphaltene micelles will coalesce and form larger aggregates. These two ratios are explored in the evaluation of relationship between the group chemical composition and the physical properties of asphalts. They are expressed in terms of two indices: asphaltene index and Gaestel index.
Asphaltene Index, I A This is the changing rate of asphaltene content and it is calculated using normal heptane asphaltene precipitation. The ASTM D3279 for n-heptane insolubles is the most common and widely used method [2, 5, [9] [10] [11] [12] [13] . When assessing the colloidal stability of asphalts, the main factor taken into account is the content of asphaltenes; consequently, the asphaltene index can be found suitable:
Gaestel Index, I C The resins play an important role in the stability of asphaltenes. They are believed to disperse the asphaltenes, preventing them from separation as a separate phase. The solubilizing power of the resins is affected by the degree of aromaticity in the molecules. The stability of asphalt may be described by the Gaestel instability index, which shows the dispersing capability of maltenes to asphaltenes [34, 43, 44] . This is also evaluated using n-heptane asphaltenes.
When the value of I C increases, colloidal stability decreases. Thus, the colloidal stability index should be found primarily helpful when comparing the stabilities of different asphalt samples.
Asphalt Rejuvenating
It is characteristic of asphalts, in paving mixtures of all types, to change in composition with time [32] [33] [34] [35] [36] [37] [38] . This process, referred to as aging, is generally a gradual one with the rate and degree of change dependent on the original chemical composition of the asphalt, its environmental conditions, and length of exposure to weathering. The asphalt colloidal stabilities deteriorate clearly with resins and asphaltenes as the more unstable constituents [34] . Addition of suitable components such as selected fractions of petroleum oils and resins, at the appropriate time during the aging process can stop aging by reconstitution of the weathered asphalt and returning it to its original condition. This is accomplished by restoring the balance of the two major constituents in asphalt: asphaltenes and maltenes; hence the importance of compositional studies.
Previous Studies on Asphalts
Oyekunle and others [5, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] have carried out various studies on the physical characteristics and chemical composition of asphalts. Investigation of the residual asphalts produced from twenty-three Nigerian crude oil samples revealed that these asphalts have low asphaltene contents (1.52 -6.0 wt.%) with softening points varying between 25-66.5°C (R & B) and penetration values of 26-300 (0.1 mm) and above at 25°C [46, 48, 58] .
Air-oxidation, chemical and catalytic treatment of the residual asphalts at temperatures of 210-250°C led to generation of asphaltenes resulting in manifold increases in the viscosity of the treated samples. The asphaltene content multiplied by 5-to 10-fold while there were more than 20% increases in softening point [51-53, 55, 56, 59] .
Rheological studies were conducted on a number of oxidized asphalts produced from Russian crudes [50] . The flow properties of eighteen (18) properties: non-Newtonian and pseudoplastic character at low shear rates. A Newtonian behavior was approached at high shear rates with increasing temperature.
A careful study of the relationship between softening point, penetration and viscosity at high temperatures of 100-200°C for eleven (11) Russian asphalt samples revealed that viscosity measurement is much more accurate than other physical parameters [49] . It was discovered that viscosity at 140°C could conveniently replace the empirical parameters and could be used on-line for process control. The viscosity (at 140°C) and softening point correlation was closely examined for seventy-one (71) asphalt samples in the softening point range of 40-60°C [54] . The best correlation was achieved over narrow softening point range (within 10-15°C) for asphalts from the same region (or source). Two mathematical models relating softening point/penetration and softening point/viscosity were proposed by Oyekunle and Omatsone [57] . The latter model with viscosity measurement at 140°C gave better results.
A study of the composition of three paving asphalts of very close softening points (48-49°C) revealed that asphalts are clearly distinguished by their group chemical composition [46] . There were differences between the contents of oils, resins and asphaltenes for each sample. The asphaltene content alone did not fully explain the rheological behavior of the asphalts while other contributory factors were asphaltenes/resin ratio and the degree of aromaticity of the oils.
Present Study
It is the chemical composition of asphalt that determines its properties and its final end uses. Thus, a comprehensive study of the nature of asphaltenes and resins and the determination of the main relationships in their composition, structure and properties are necessary for the solution of a number of important theoretical and practical problems. Numerous publications dealing with the extensive study of asphaltenes and resins chemical functionalities have been reported in the open literature in recent times. These studies have focused on the nature, the chemical and structural characterization of asphaltenes and resins and their relation to asphaltene stability. The present study is aimed at the correlation of asphalt properties making use of a system of parameters relating the chemical composition of paving asphalts of different origins with the generally accepted criteria. This type of study will ultimately lead to a more thorough understanding of the chemical composition as seen through the physical properties.
SOURCES OF THE DATA USED FOR ANALYSIS
The data used in this work were obtained from a number of experimental studies as shown in Table 1 .
Materials and Methods
The materials analyzed were both oxidized and residual asphalts produced directly from different refineries or obtained from pilot plants as shown in Table 1 . The five fresh paving residual asphalts were obtained from heavy Chinese crude oil. The determination of general physical properties was made according to the ASTM methods [1-3, 5, 6, 10, 11] . Viscosity was evaluated from the shear stress/shear rate data at various temperatures (100-200°C) using a rotational viscometer [5, 47, 49] .
Asphalt Fractionation
The asphalt samples were fractionated into asphaltenes and maltenes using n-heptane (ASTM D3279). The asphaltenes were precipitated while the soluble maltenes were obtained 436 Chinese Fresh asphalts 5 43.5 -45.8 [32] as filtrates and subsequently fractionated by liquid chromatography into resins, aromatics and saturated fractions. The resins were first adsorbed and eluted from solid adsorbents followed by the recovery of the oils. The oils were fractionated into other components: saturates, monocyclic aromatics, bicyclic aromatics and polycyclic aromatics.
RESULTS AND DISCUSSION

Physical Characteristics of Asphalts
Ductility, penetration and softening point are the most easily used tests for the identification of different grades of asphalts. They are extensively used for the purposes of refinery control. The relationship between the two major properties of asphalts is indicated in Figure 1 . These are eleven (11) oxidized residual asphalts produced from crude oil mixtures obtained from Tataria and Romashkino/Western Siberia. The common feature of the behavior of these asphalts is that penetration decreases with increasing ring and ball softening point (S.P.). These are the general observations usually recorded for asphalts of wide softening point ranges (S.P. = 39-82°C). Some correlations have been developed to describe the softening point/penetration and softening point/viscosity relationships for typical asphalts [54, 57] . Table 2 shows the clear picture of property variation for six asphalt samples having the same softening point (49°C) produced by different methods. They are observed to vary considerably in their physical properties with ductility as the most widely varying parameter compared to the two penetrations. This property variation can only be explained by the differences in their chemical composition. 
Chemical Composition and Physical Properties
The physico-chemical characteristics of four oxidized asphalts (S.P. = 42-53.5°C) shown in Figure 2 , reveal that both penetration at 25°C as well as ductility vary significantly with the softening point. All the compositional parameters and the two asphalt indices, I A and I C , show some remarkable changes with the softening point. A distinguishable feature of the general relationship between ductility and the content of resins is seen in Figure 3 for two groups of asphalts (S.P. = 49-50.5 and S.P. = 50-51°C) Ductility increases with the content of the resins in a non-linear manner, hence, it can be deduced that resins determine ductility.
Further confirmation of the relationship between the different asphalt characteristics are shown in Figure 4 with increasing softening point while in contrast, the asphaltene content increases with softening point. The profiles for both IA and the resins content follow the same trend rising and falling with increasing softening point.
The Colloidal Instability of the Asphalts
Asphalt is a colloidal system with the asphaltenes dispersed in the maltenes. When assessing the colloidal stability of asphalts, the most important factor taken into account is the content of the asphaltenes. Recent studies have looked closely into the chemical composition and structure of asphaltenes [21, 24, 39, [40] [41] [42] [43] [44] . Thus, the two asphalt indices; I A and I C , which bear direct relationship to the content of asphaltenes can be conveniently used to estimate the extent of colloidal stability. These indices have been plotted against asphaltene content in Figures 5 and 6 . It is clearly seen in Figure 5 that both I A and I C increase correspondingly with increasing asphaltene content for oxidized asphalts (S.P. = 49). It has already been established that the colloidal stability of an asphalt decreases with increase in asphaltene content [43] . The increasing values of these two indices reflect the instability of the oxidized asphalts. Consequently, the instability of these asphalts can be improved by reducing the content of asphaltenes. However, a different picture is obtained in Figure 6 where the two asphalt indices, I A and I C , decrease with increase in the content of asphaltenes showing that residual asphalts exhibit comparatively higher colloidal stability than oxidized asphalts. Figure 7 , showing the direct correlation between the two asphalt indices I A and I C , is another confirmation of the suitability of the various composition parameters employed in the study of asphalts. This indicates that the two indices can be conveniently used to evaluate the stability of asphalts.
A further proof is revealed in Figures 8 and 9 showing the dependence of the two asphalt indices on the softening point. The common feature of these plots is the direct relationship between the indices I A and I C together with the softening Figure 7 Relationship between asphalt indices. point. A distinguishing feature of these two plots is that both indices recorded positive slopes for oxidized asphalts indicating their colloidal instability and negative slopes for residual asphalts reflecting their colloidal stability. It also follows from these results that the colloidal stability is a direct function of the softening point; the higher the softening point of an asphalt, the greater is the colloidal instability of such an asphalt for oxidized asphalts. The reverse is the case for residual asphalts.
CONCLUSION
The most common physical properties of petroleum asphalts and their compositional analysis were studied in this work. The main objective of the investigation is to improve upon the understanding of the relationship between the physical characteristics of asphalts and their most important chemical composition: asphaltenes, oils and resins. Interpretation of the results for various asphalts shows that this has been achieved leading to the development of some useful correlation.
Ductility was found to have a non-linear relationship with the content of resins. All the compositional parameters and the two asphalt indices, I A and I C , show some good correlations with the softening point. These correlations can be conveniently applied to determine the colloidal stability of petroleum asphalts. It is concluded that oxidized asphalts exhibit greater colloidal instability than the residual asphalts.
The present study reveals that a good knowledge of the chemical composition of asphalts can provide a useful tool for distinguishing between asphalts of the same origin produced by different methods and having very narrow softening point ranges.
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Figure 8
Relationship between I A and softening point (open symbols: oxidized asphalts, full symbols: residual asphalts).
Figure 9
Relationship between I C and softening point (open symbols: oxidized asphalts, full symbols: residual asphalts).
